Inhibitory interactions shape the activity of output neurons in primary olfactory centers and promote contrast enhancement of odor representations. Patterns of interglomerular connectivity, however, are largely unknown. To test whether the proximity of glomeruli to one another is correlated with interglomerular inhibitory interactions, we used intracellular recording and staining methods to record the responses of projection (output) neurons (PNs) associated with glomeruli of known olfactory tuning in the primary olfactory center of the moth Manduca sexta. We focused on Toroid I, a glomerulus in the male-specific macroglomerular complex (MGC) specialized to one of the two key components of the conspecific females' sex pheromone, and the adjacent, sexually isomorphic glomerulus 35, which is highly sensitive to Z-3-hexenyl acetate (Z3-6:OAc).
INTRODUCTION
In the primary olfactory centers of vertebrates (olfactory bulbs, OBs) and insects (antennal lobes, ALs), each glomerulus contains arborizations of, and synaptic connections among, olfactory receptor cells (ORCs), local interneurons (LNs), and projection (output) neurons (PNs) that send axons to higher brain centers (Boeckh and Tolbert 1993; Jefferis et al. 2002; Shepherd 1972; Tolbert and Hildebrand 1981) . Because each type of ORC typically expresses one type of odorant receptor (OR), and the axons of ORCs expressing the same OR converge in the same glomerulus (Buck and Axel 1991; Gao et al. 2000; Mombaerts et al. 1996; Mombaerts 2004 ), a glomerulus is expected to reflect the odor-response profile of the ORCs converging in it (Root et al. 2007; Vosshall et al. 2000) . Furthermore, odorants bind to different ORs with different affinities (e.g. Hallem and Carlson 2006; Malnic et al. 1999 ) and thus evoke characteristic patterns of glomerular activation (Belluscio and Katz 2001; Friedrich and Korsching 1998; Johnson et al. 1998; Sachse et al. 1999; Wang et al. 2003; Xu et al. 2000) . Increasing evidence suggests, however, that glomerular output is refined by interglomerular interactions mediated by GABAergic, inhibitory LNs (Aungst et al. 2003; Friedrich and Laurent 2004; Kashiwadani et al. 1999; Nagayama et al. 2004; Schoppa 2006; Vucinic et al. 2006; Wilson et al. 2004; Silbering and Galizia 2007; Yokoi et al. 1995; Olsen and Wilson 2008) . Examination of patterns of inhibitory glomerular interaction in various experimental systems has begun only recently: (a) in the OB, responses of mitral cells are modulated by odorants that activate neighboring glomeruli (Nagayama et al. 2004); (b) modeling studies in honey bees show that interactions between glomeruli are proportional to the similarity of their odor-response profiles regardless of their anatomical proximity (Linster et al. 2005) , and optical imaging studies suggest the presence of both a glomerulus-specific and a global inhibitory network (Silbering and Galizia 2007); and (c) in the moth Manduca sexta, the male-specific glomeruli that process sensory information about two key components of the female's sex pheromone reciprocally inhibit each other (Lei et al. 2002; Christensen and Hildebrand 1997) . These findings suggest that interglomerular inhibitory interactions reflect functional relationships between glomeruli.
In this study, we tested whether inhibitory interactions among glomeruli also depend on their spatial relationships. We recorded intracellularly the responses of PNs associated 4 with several neighboring, identified, sexually dimorphic and isomorphic glomeruli with characterized molecular receptive ranges in ALs of male and female M. sexta. We measured odor-driven synaptic events and spiking activity on a millisecond time-scale and therefore unambiguously could study odor-driven synaptic inhibition. One of these glomeruli (the Toroid I) belongs to the male-specific macroglomerular complex (MGC) and processes sensory information about one of the two key components of the conspecific females' sex pheromone (Christensen et al. 1989) . Each of the two key sex pheromone components exclusively activates one of two types of male-specific antennal ORCs, and the axons of each of those two types of ORCs project exclusively to one of the two principal MGC glomeruli (Christensen et al. 1995; Kaissling et al. 1989; Christensen and Hildebrand 1987) . Therefore, by stimulating antennal inputs with these pheromone components, we could activate one or both MGC glomeruli and test the effect of that activation in other glomeruli. Glomerulus 35 (G35) is sexually isomorphic (i.e., its morphological features and physiological properties are equivalent in males and females), responds preferentially and highly sensitively to the plant-derived volatile compound Z-3-hexenyl-acetate (Z3-6:OAc), and is located adjacent to the MGC in males and to a female-specific glomerulus, the lateral large female glomerulus (latLFG), in females (Reisenman et al. 2005) . Therefore, we could stimulate G35 and test the effect of this odorant activation in glomeruli of the MGC. The latLFG is homologous to the malespecific Toroid I (Rospars and Hildebrand 2000) and responds preferentially to stimulation of the antenna with the plant volatile [±] linalool (Roche King et al. 2000) , and especially to the [+] enantiomer (Reisenman et al. 2004) . We tested if inhibition is related to glomerular proximity by recording: (1) the responses of Toroid-I PNs to the two odorants that activate the adjacent MGC glomerulus (the Cumulus) and G35, (2) the responses of male uniglomerular PNs with arborizations in sexually isomorphic glomeruli (both close and distant to the MGC and G35) to stimulation with the odorants activating these glomeruli, and (3) the responses of female uniglomerular PNs in sexually isomorphic glomeruli to the odorants that preferentially activate the latLFG and G35.
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MATERIALS AND METHODS
Preparation. Male and female Manduca sexta (L.) (Lepidoptera: Sphingidae), reared in the laboratory on artificial diet, were used 1-3 days after adult emergence.
Animals were dissected and prepared for intracellular recording with established procedures (Roche King et al. 2000) . After mechanical removal of the perineural sheath covering the AL, the preparation was continuously superfused with physiological saline solution containing (in mM): 150 NaCl, 3 CaCl 2 , 3 KCl, 10 TES buffer (pH 6.9), and 25 sucrose (Christensen and Hildebrand 1987) .
Stimulation. The stimulation procedure has been described elsewhere (Reisenman et al. 2004) . Briefly, the cut end of one antenna was inserted into a glass capillary tube filled with physiological saline solution, which served both as a holder to position the antenna and as an electrode for monitoring antennal responses (amplified 50-fold with an amplifier, Model M-707, WPI, Sarasota, Florida) to olfactory stimulation. An L-shaped glass tube delivered a constant flow of humidified, charcoal-filtered air to the antenna (1.9 l/min). Plant odorants were injected (2 or 5 ml of odor-bearing air for 200-or 500-ms stimulations, respectively) into the constant air stream by means of a syringe olfactometer (Selchow 1998). Thus, odor stimuli injected (at a velocity of 10 ml/sec) into the air stream (flowing constantly at 32 ml/sec) were diluted approximately 1:4. Sexpheromone components were injected using a solenoid-activated valve (3.8 or 9.6 ml of odor-bearing air for 200-or 500-ms stimulations, respectively). The tip of the syringe containing the odor stimulus was inserted into the air stream through a small hole in the side of the glass tube. In this case, odor stimuli were diluted approximately 1:2.5. A funnel connected to a negative-pressure line was positioned near and behind the preparation to remove stimulus volatiles after delivery to the antenna.
The plant-derived odor compounds used in this study were: [±] linalool ([±]3,7-dimethyl-1,6-octadien-3-ol, catalog no. L2602, 97% pure from Sigma-Aldrich (St. Louis, MO), and Z-3-hexenyl acetate (catalog no. H2137, >97%, hereinafter referred to as Z3-6:OAc (Tokyo Chemical Industries, Tokyo, Japan). These odor compounds are found among the volatiles emitted by hostplants of M. sexta (Fraser et al. 2003; Loughrin et al. 1990; Raguso et al. 2003) and have been shown to evoke responses from antennae (Fraser et al. 2003; C. E. Reisenman, unpublished observations) 
RESULTS
Results were obtained from a total of 40 PNs in 38 males (neurons from the same animal were stained with different dyes), 9 PNs in 9 females, and 4 LNs in 4 females.
Some male PNs could not be identified morphologically with certainty (e.g., owing to incomplete staining, in which cases the text refers to "putative" Toroid-I PNs or G35-PNs) but were recognized on the basis of their physiological response properties. Toroid .5), and the response to either control was not statistically different from zero (Student's t-test for differences between an observed mean and an hypothesized population mean; p>0.5 in both cases). Thus, although Toroid-I PNs receive inhibitory input from the adjacent Cumulus, they were not inhibited by input to the adjacent G35 or any other putative Z3-6:OAc-activated glomeruli. This finding is not due to weak excitatory input to G35, as lower concentrations of Z3-6:OAc elicited hyperpolarization in other glomeruli ( Fig. 3B-D) . We tested a subset of 6 Toroid-I PNs with antennal stimulation using neat hibiscus oil, which is a mixture of many plant volatiles and thus activates sensory inputs to many glomeruli, and observed obvious suppression of spiking activity and hyperpolarization in 50% of PNs. The net number of spikes and hyperpolarization amplitude (control subtracted, mean ± SEM, n=6) were respectively -6.3 ± 3.7 spikes and -2.2 ± 0.84 mV. This result indicates that Toroid-I PNs receive inhibitory input from at least some sexually isomorphic glomeruli (activated by one or more of the constituents of hibiscus oil).
We observed that the inhibitory responses of individual Toroid-I PNs were variable in temporal profile, some having more prolonged inhibitory epochs or longer delays to the onset of the inhibition than others, and some not showing obvious suppression of spiking. To address the possibility that we underestimated the degree of inhibition in our population analysis by calculating spiking activity in a relatively long time period (1 s, Fig. 2A) , we analyzed the spiking activity of each PN in 20 50-ms bins.
The response to stimulation with C15 was statistically different from the control in 11 time bins (asterisks, Fig. 2C , top), started about 300 ms after the odor reached the antenna, and lasted about 500-600 ms. By contrast, stimulation with Z3-6:OAc did not cause reduction in spiking activity (the response was statistically different in only one out of 20 bins, which is the false-positive rate expected under a p=0.05 criterion; Fig. 2C , bottom). Although Z3-6:OAc might activate other glomeruli besides G35 (Reisenman et al. 2005) , this negative result allowed us to conclude unambiguously that Toroid-I PNs do not receive inhibitory input from G35 or from any other glomerulus activated by Z3-11 6:OAc. We recorded the activity of a small subset of male G35-PNs (n=5) to Z3-6:OAc and to the two key sex-pheromone components and/or a blend of the two. All G35-PNs, as expected (Reisenman et al. 2005) , were excited by antennal stimulation with Z3-6:OAc, but were hyperpolarized by stimulation with either of the two key components of the sex-pheromone blend (an example is shown in Fig. 1F ; results from responses of three G35-PNs to stimulation with the pheromone blend are included in the analysis presented in Fig. 4A-B) . Because pheromone-responsive ORCs project exclusively to the MGC glomeruli (Christensen et al. 1995; Kaissling et al. 1989; Christensen and Hildebrand 1987) , these results indicate that G35-PNs are inhibited by input to either one or both of the main MGC glomeruli (Cumulus and Toroid I). Because we have shown that the opposite is not true (activation of G35 did not inhibit Toroid-I PNs; Fig. 2 ), these results suggest that inhibitory interactions between the MGC and G35 are not reciprocal.
We next asked if inhibitory interactions among the MGC and sexually isomorphic glomeruli, or between sexually isomorphic glomeruli, are general phenomena. We recorded the activity of 11 and 14 uniglomerular PNs with arborizations in glomeruli adjacent (or 1-2 glomeruli away) and more distant to the MGC and G35, respectively, in response to antennal stimulation with the sex-pheromone blend and Z3-6:OAc. Two examples of each of these PNs are shown in Fig. 3G -J. All 25 PNs were stained intracellularly, so that in each case the position of the glomerulus containing the arborizations of the recorded PN with respect to the MGC and G35 could be precisely established. We found that some PNs were inhibited by stimulation with both the sexpheromone blend and Z3-6:OAc regardless of their proximity to the MGC and G35 (e.g., Fig. 3A and 3D show examples of two PNs with arborizations respectively in glomeruli adjacent and distant to the MGC). Other PNs were inhibited by stimulation with Z3-6:OAc but not by stimulation with the sex pheromone (e.g. Fig. 3B and 3F) , and viceversa (e.g. Fig. 3C ). Again, this did not depend on the position of the glomerulus from which the recording was obtained. Other PNs were not inhibited by either odor stimulus (e.g. Fig. 3E) , even when odorants were tested at high concentrations. In particular, the finding that a lower concentration of Z3-6:OAc (10 -3 vol/vol) than that used to stimulate Toroid-I PNs (10 -2 vol/vol) was sufficient to hyperpolarize some PNs in sexually isomorphic glomeruli (Fig. 3A and 3D ), confirms our conclusion about the lack of 12 inhibitory input from G35 (or any Z3-6:OAc) on Toroid-I PNs. At the end of the experiment all PNs were stimulated with hibiscus or ylang-ylang oil to test that they were responsive to odor stimulation even if no response was observed to stimulation with the sex-pheromone blend or Z3-6:OAc. 
DISCUSSION
In this study we tested the whether spatial relationships between olfactory glomeruli determine interglomerular inhibitory interactions. To this end, we used specific odorants (sex-pheromone components and Z3-6:OAc) to activate PNs in morphologically and functionally identified reference glomeruli (the MGC glomeruli and G35, respectively) and tested the effect of this olfactory activation in neighboring and distant glomeruli. We found that interglomerular inhibitory interactions occur throughout the glomerular array in the AL and are not simply a reflection of the spatial relationships among glomeruli. While PNs in Toroid I of the MGC were inhibited by activation of the neighboring MGC Cumulus, these MGC-PNs were not inhibited by antennal stimulation with Z3-6:OAc (Figs. 1-2) , i.e., by activation of input to the neighboring G35 glomerulus.
We recorded the responses of PNs arborizing in sexually isomorphic glomeruli (other than G35) to stimulation with the sex pheromone and Z3-6:OAc and found that inhibitory responses were not related to proximity to the MGC and G35: both distant and adjacent PNs were inhibited by stimulation with the sex pheromone, some others were affected by only one odorant, and yet others by neither (Figs 3-4) . Similar results were obtained in female PNs recorded in the proximity of female-specific glomeruli. These results indicate that inhibitory interglomerular interactions are not determined by proximity of the glomeruli involved in these interactions.
It is thought that a major function of inhibition in the vertebrate OB is sharpening behaviorally less significant to a male moth. These ideas are supported by our finding that stimulation of the sexually dimorphic glomeruli has a strong inhibitory effect in PNs 16 in sexually dimorphic glomeruli (Figs. 3-4) . Odor input to the brain might be processed in a hierarchical manner such that processing of odorants involved in reproductive behaviors takes priority over processing of food-related odorants (plant volatiles). These speculations remain to be tested both physiologically and behaviorally, e.g., by
concurrent stimulation with sex pheromone and plant odorants. Moreover, the finding that MGC-PNs were inhibited by sexually isomorphic glomeruli upon antennal stimulation with high concentrations of complex odor blends (hibiscus oil), merits further study of the relationship between the sexually dimorphic and isomorphic olfactory subsystems.
Our recordings from PNs with arborizations in glomeruli adjacent to and distant from the MGC and G35 show that inhibitory interactions are not related to glomerular proximity. Overall, we found that most PNs, irrespective of their position, were inhibited by antennal stimulation with the sex-pheromone blend ( Fig. 4A-B ). Some PNs, mostly those in glomeruli distant from the MGC and G35, also were inhibited by stimulation with Z3-6:OAc (Figs. 3-4) . Other PNs were inhibited by stimulation with Z3-6:OAc but not by stimulation with the sex pheromone (e.g., Fig. 3B and 3F ). Again, this did not depend on the positions of the glomeruli containing the arborizations of the recorded PNs. Because pheromone-responsive ORCs project exclusively to the MGC, we could unequivocally establish whether or not PNs in the recorded glomeruli received inhibition from the MGC. In contrast, Z3-6:OAc activates other glomeruli in addition to G35, albeit to a lesser extent (Reisenman et al. 2005) . Therefore, we could establish conclusive connectivity patterns between G35 and the recorded glomerulus only in those cases in which we did not observe inhibition. For instance, we found that some PNs were inhibited by stimulation with sex pheromone but not by Z3-6:OAc (e.g., Fig. 3C ), and other PNs were not inhibited by either odorant (e.g., Fig. 3E-J ) even when odorants were tested at high concentrations. Therefore, we can conclude unambiguously that these PNs do not receive inhibitory input from G35 or any other Z3-6:OAc-sensitive glomerulus.
In female M. sexta, we found that antennal stimulation with (Fig. 5B ), but the response across PNs was not statistically different from the control (Fig. 5C ). Furthermore, we have previously shown that G35-PNs are hyperpolarized by antennal stimulation with
[±]linalool (Reisenman et al. 2005) . Caution should be taken, however, in interpreting these results in terms of glomerular connectivity, because these odorants also activate -to a lesser extent -PNs in other glomeruli. Nevertheless, these results parallel our findings in males, showing that activation of the sexually dimorphic subsystem appears to have a stronger inhibitory effect in sexually isomorphic glomeruli than does stimulation with Z3-6:OAc.
The finding that activation of Toroid-I PNs (Figs. 3-4) inhibited PNs in sexually isomorphic glomeruli shows that interglomerular inhibition extends beyond a cluster of functionally related glomeruli (in this case, the MGC). We observed that Toroid-I PNs The hypothesis that glomeruli are organized in synaptically interacting clusters is supported by the fact that in M. sexta many LNs, the main inhibitory elements in the AL (Hoskins et al. 1986; Christensen et al. 1993) , have primary neurites that arborize in only a few glomeruli (Matsumoto and Hildebrand 1981; Fig. 6C-D) . These LNs can serve as neural substrates for the selective inhibitory interglomerular interactions described above.
Although further studies of the synaptic architecture of LNs (e.g., location of input and output synapses) are needed to test this hypothesis, the arborization pattern of such LNs provides at least a neural connection among the glomeruli that process the individual components of an innately significant odor blend. Moreover, each glomerulus receives arborizations from LNs arborizing in different but overlapping sets of glomeruli, and this pattern could provide a combinatorial scheme for coding of odor blends. In M. sexta ( Fig These results contrast with those from a recent study in the species, which found that
ORCs are the main source of excitatory input to PNs, and that lateral inhibition is prevalent in the AL (Root et al. 2007 ).
Overall, our results indicate that inhibitory interglomerular interactions are globally distributed in the AL and cannot be explained simply by spatial proximity of the interacting glomeruli. The rules that govern these interactions (e.g., response properties, chemical relatedness, or other functional relationships) merit further study. We expect that patterns of glomerular interaction will be found to reflect a functional and biologically relevant organization of glomeruli since integration of signals among glomeruli is an important mechanism for processing of olfactory information about behaviorally significant, naturally occurring odor blends. 
